
AIAA JOURNAL, VOL. 34, NO. 1: TECHNICAL NOTES 201

0

-10

-20

-30

I -50

-70

Baseline

10 20 30 40
Frequency ( Hz )

Fig. 4 Wake velocity spectra with and without the leading-edge bubble
present (frequency ± 0.125 Hz and amplitude ± 0.1 dB).

inspection of these photos, aided by the surface oil flow visualization
experiments, reveals the presence of the separation bubble near the
leading edge. The bubble is relatively small in the top photo. By the
third photo it has grown substantially and appears to have burst
in the fourth. The bursting is accompanied by a complete separation
of the flow and the appearance of a stall-vortex-type structure on the
upper surface. The sequence of events described in the foregoing
qualitatively agrees with the computational as well as experimental
results presented in Ref. 2.

Figures 2 and 3 suggest that the low-frequency oscillation is re-
lated to the occurrence of the leading-edge separation bubble. This
idea is supported by the data shown in Fig. 4. Wake velocity spectra
ata = ISandRe = 0.8 xlO6 are shown with and without "zig-zag"
tape placed near the leading edge. In the upper trace an oscillation
frequency of 11 Hz and its first harmonic are clearly seen. In the
second trace the bubble was eliminated by the zig-zag tape, which
acts as both boundary-layer trip and vortex generators.7 Not only
are the low-frequency oscillation peaks gone, but also the overall
energy in the wake was reduced by 30 dB. No evidence was seen
of the low-frequency oscillation over the entire a range with the
zig-zag tape in place and the bubble eliminated.

The unsteady behavior of separation bubbles is well known.8"10

When nondimensionalized by the bubble length, the characteris-
tic oscillation frequency typically corresponds to a Strouhal num-
ber of about 0.6. However, much lower frequency unsteadiness has
also been reported in several references. For example, Driver et
al.9 also documented an unsteady phenomenon in their backward-
facing step flow at frequencies less than l/6th the characteristic
frequency. This phenomenon, referred to as shear layer flapping,
involved a momentary disorder of the shear layer where a vortex
was shed, the bubble collapsed and then grew in size until another
vortex was shed. This was characterized by large changes in the
reattachment location and a corresponding vertical motion of the
shear layer. The frequency and the flow characteristics of the phe-
nomena considered in the present study appear to agree with those
of shear layer flapping. The flow oscillation in the present case, how-
ever, is much more pronounced and symptomatic of a resonance.
What completes a possible feedback loop to produce the resonance-
like oscillation remains unclear and is the subject of the ongoing
investigation.
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Use of Drag Probe in
Supersonic Flow
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I. Introduction

T HE purpose of this research was to develop an instrument that
could provide dynamic flow parameters in supersonic propul-

sion research.1 The parameters of interest are the velocity, velocity
head, Mach number, and mass flow rate.

The drag probe functions by measuring the drag on a flat can-
tilever beam exposed transversely to a flowfield.2"5 This process is
shown schematically in Fig. 1 . The drag is measured indirectly with
strain gauges attached on opposite sides of the beam's base — a lay-
out that makes the probe inherently temperature compensated. The
frequency response of the probe can be extended to 100 kHz, which
rivals the frequency response of hot wires, yet it is rugged enough
to survive the harsh environments often encountered in aerospace
applications. Its associated electronics are as simple as those of
strain-gauge pressure transducers, and it is easy to calibrate. It
gives the velocity-head measurement directly and yields the velocity
readily.

Use of the drag-force anemometer has been limited to subsonic-
flow applications. Such use and the anemometer design are dis-
cussed by Krause and Fralick.2 The drag force induced by the flow
impinging on the probe's cantilever beam may be found from fluid-
mechanics principles.6 The coefficient of the drag imparted to the
plate, CD, has been characterized6 as being affected by flow pa-
rameters such as the Reynolds number Re and the Mach number
M. This Note focuses on demonstrating that the relation between a
subsonic and a supersonic velocity head are the same for each drag
probe. The supersonic flow impinging on the drag probe is assumed
to be unidirectional. Krause and Fralick2 have analyzed drag probes
for the purpose of determining the flow direction. The shock region
directly in front of the drag probe is assumed to be normal and two
dimensional, as verified by photographs.

II. Analysis
In a supersonic flow, the force sensed by the drag probe is propor-

tional to (pw2)2/2. The drag probe still senses the subsonic condi-
tions immediately surrounding it and not the supersonic conditions
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upstream of the shock. However, the upstream conditions are easily
Hf»Hnr»p»H frr»m nrvrmcil elir»r»lr r/aloHr»«e7«deduced from normal

Mi = x- i

l)](p«2/2)i •

(1)

(2)

pt - tank total pressure

PI - ambient room
static pressure

PI

probe

Fig. 1 Drag probe test setup. Supersonic test uses a smaller
convergent-divergent nozzle, and the shock front appears when the flow
is supersonic.
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Fig. 2 Drag-probe design.1

Equations (1) and (2) extend the usefulness of the drag probe to
the supersonic realm by permitting the computation of supersonic
parameters in terms of the subsonic measurements of the drag probe.
Furthermore, Eqs. (1) and (2) allow the subsonic calibration to be
extended into the supersonic regime.

III. Test Program
A stainless-steel drag probe mounted on a 0.25-in.-o.d. (0.635-

cm-o.d.) tube was used for testing (Figs. 1 and 2). Approximately
0.0625 in. (0.159 cm) of the active element of the drag probe pro-
truded into the standard air-flowfield for the measurements. The
distance between a strain gauge and the tip of the cantilever beam
was 0.19 in. (0.48 cm). The beam was 0.1 in. (0.25 cm) wide and
0.0156 in. (0.0396 cm) thick.

Schlieren photographs of the shock structure around the drag
probe were taken in a 5 x 5 in. (12.7 x 12.7 cm) wind tunnel capable
of velocities from Mach 1.75-3.1. A free jet was used for subsonic
measurements up to a near-sonic flow (Mach 0.9) for calibrating the
drag probe.8 A third test cell with a 1-in. (2.54-cm) exit-area super-
sonic nozzle on a 125-psi (0.86-MPa) line was used for subsonic
testing and also for supersonic testing up to Mach 1.6 (see Fig. 1).
This cell was primarily used to take images of the shock to ensure
that the shock shape satisfied the normal shock assumption, but it
was also used to take supersonic data. These images, produced with
laser-shadowgraph techniques and a 35-mm still video camera, are
discussed below.

The flow quality for the free jet has been measured, and we
found that, on the centerline of the jet, the total pressure is within
1 in. (2.54 cm) of the water pressure of the tank for as far as four
diameters away from the jet exit. There are insufficient data to de-
termine the flow quality of the 125-psi (0.86-MPa) and 5 x 5 in.
(12.7 x 12.7 cm) jets, but there is good agreement in the regions
where the data overlap.

IV. Test Results
Results of the experiment are shown in Figs. 3-5. The subsonic

calibration curve shown in Fig. 3 is similar to that reported for
previous drag probes.2'3 The slope of the curve here is roughly
2.42 psi/mV (0.0167 MPa/mV). The maximum error noted in the
test cells was 2% in that the median of the subsonic portions of the
tests are that close to each other. The standard deviations of these
subsets of the data taken are also similar. There is a slight curvature
in the transonic regime, which is known for its nonlinearity.6

The velocity head behind the shock follows a slope that is differ-
ent from that from the subsonic portion. However, Eq. (2) indicates
that there is a relation between the velocity head measured by the
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Fig. 4 Schlieren pictures of dummy (no electronics) drag probes
(Mach 2).

Fig. 5 Laser shadowgraphs of drag probe (Mach 2).

probe and the freestream velocity head. In fact, the results from the
two sets of tests demonstrate that it is not necessary to calibrate the
drag probe in a supersonic flow; subsonic calibration is sufficient.
To test whether the extrapolation of the subsonic calibration into
the supersonic regime derived before was valid, we tested the probe
in a small jet facility that was capable of both subsonic and super-
sonic flows. The velocity head calculated from the other sensors'
data (room and line pressures and room temperature), was plotted.
Equation (2) was also plotted and is seen to be very accurate, show-
ing that the subsonic calibration of the drag probe is adequate. The
standard deviation between the two calibrations is 0.5813.

Dummy drag probes were also tested in the 5 x 5 in. (12.7 x
12.7 cm) tsupersonic facility to obtain schlieren images of the shock
structure around the drag probe. The image shown in Fig. 4 seems
to support the assumption that the shock in front of the drag probe is
indeed a normal shock. The laser shadowgraphs from the combined
subsonic and supersonic tests confirm a normal shock as well.

The differences between Figs. 4 and 5 with respect to the shock
shape located away from the center of the probe element (the beam)
as seen in the laser shadowgraphs and in the schlieren photographs
are largely due to the jet from the small 1-in. nozzle vs the core flow
in the larger 5 x 5 in. (12.7 x 12.7 cm) test section. The velocity
profile of the jet was still tracing out a parabolic shape with the
small nozzle, whereas the velocity profile in the larger test section
was largely flat in the core where the probes were placed. This dif-
ference does not affect the results because the small probe element
is mostly covered by the normal shock, as Figs. 4 and 5 show.

V. Conclusions
The drag-force anemometer, or drag probe, can be most useful

in supersonic- as well as subsonic-flow regimes. Furthermore, a

normal-shock relation between the subsonic and supersonic drag-
probe results has been established. This relation indicates that a sub-
sonically calibrated drag probe is supersonically calibrated as well.
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Mass Spectrometer
Measurements of Test Gas

Composition in a Shock Tunnel
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Introduction

SHOCK tunnels afford a means of generating hypersonic flow
at high stagnation enthalpies, but they have the disadvantage

that thermochemical effects make the composition of the test flow
different to that of ambient air. The composition can be predicted
by numerical calculations of the nozzle flow expansion, using sim-
plified thermochemical models, and in the absence of experimental
measurements, it has been necessary to accept the results given by
these calculations.

This Note reports measurements of test gas composition, at stag-
nation enthalpies up to 12.5 MJkg"1, taken with a time-of-flight
mass spectrometer. Limited results have been obtained in previous
measurements.1 These were taken at higher stagnation enthalpies
and used a quadruple mass spectrometer. The time-of-flight method
was preferred here because it enabled a number of complete mass
spectra to be obtained in each test, and because it gives good mass
resolution over the range of interest with air (up to 50 amu).

Experiments
The experiments were conducted in the free piston shock tunnel

T4 at the University of Queensland,2 using a helium-argon mixture
as driver gas. The shock tube, of 10-m length and 75-mm diam, was
operated in the shock-reflected mode and supplied shock-heated air
to a contoured hypersonic nozzle with a throat diameter of 25.4 mm
and an exit diameter of 261 mm. As shown in Fig. la, the mass
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